Background: Genome-wide association studies (GWAS) have been extensively used to identify genomic regions associated with a variety of phenotypic traits in pigs. Until now, most GWAS have explored single-trait association models. Here, we conducted both single-and multi-trait GWAS and a meta-analysis for nine fatness and growth traits on 2004 pigs from four diverse populations, including a White Duroc × Erhualian F 2 intercross population and Chinese Sutai, Laiwu and Erhualian populations.
Background
Growth and fatness traits are economically important and have been intensively selected in the global pig industry. Dissection of the genetic architecture of growth and fat deposition in pigs not only benefits the pig industry but also sheds insight into our understanding of human obesity, because pigs are more physiologically similar to humans than rodents and other model animals [1] .
To understand the molecular basis of divergent phenotypes in pigs, researchers have established multiple F 2 intercross populations using European and Chinese breeds as founders, and have mapped quantitative trait loci (QTL) for a list of phenotypic traits, including growth and fatness traits, using hundreds of microsatellite markers across the whole genome [2] [3] [4] [5] [6] . Until now, 1880 and 1070 QTL for growth and fatness traits have been deposited in the pig QTL database (http://www.animalgenome. org/cgi-bin/QTLdb/SS/index, Release 26, Apr 27, 2015), respectively. These findings have significantly advanced our understanding of the genetic architecture of porcine growth and fatness traits. Nevertheless, the resolution of traditional QTL mapping is relatively poor due to markers being sparse and insufficient recombination events in the F 2 crosses. Thus, identification of causative mutations that underlie the identified QTL remains a big challenge.
With the availability of the Illumina Porcine SNP60 Beadchip, it has become feasible to exploit the association between high-density single nucleotide polymorphisms (SNPs) and phenotypic traits through genome-wide association studies (GWAS) [7] . Compared to the traditional QTL mapping approach, the GWAS approach allows the identification of SNPs that are significantly associated with traits. Nevertheless, large sample sizes are still required to identify SNPs that are weakly associated with target traits. A meta-analysis of GWAS can not only increase statistical power but also reduce the number of false positives by combining information from multiple independent studies [8] . Moreover, for a QTL with pleiotropic effects on multiple traits, a multi-trait analysis can improve the detection power of GWAS [9] [10] [11] .
The aim of our study was to identify SNPs associated with nine traits related to growth and fatness across four pig populations, including a White Duroc × Erhualian F 2 intercross (referred hereafter as F 2 ), Sutai, Laiwu and Erhualian pigs by four GWAS methods: single-trait analysis on a single population (SS-GWAS), single-trait analysis on multiple populations (SM-GWAS), multi-trait analysis on a single population (MS-GWAS), and multitrait analysis on multiple populations (MM-GWAS).
Methods

Ethics statement
All procedures used for this study and involving animals are in compliance with guidelines for the care and utility of experimental animals established by the Ministry of Agriculture of China. The ethics committee of Jiangxi Agricultural University specifically approved this study.
Animals and phenotypic measurements
A total of 2004 pigs were used in this study, including 925, 434, 331 and 314 individuals from the F 2 , Sutai, Erhualian and Laiwu populations, respectively. The F 2 and Sutai populations were previously described in [12, 13] . Briefly, the F 2 animals originated from a cross between two White Duroc boars and 17 Erhualian sows [12] . In this population, nine F 1 boars and 59 F 1 sows were intercrossed by avoiding full-sib mating to produce 1912 F 2 pigs. A total of 925 F 2 pigs were randomly selected from all F 1 boar and sow families. These animals were slaughtered at the age of 240 ± 3 days and carcass and meat quality traits were measured; the remaining F 2 pigs were used to produce F 3 individuals or measure the reproductive traits. The Sutai pig is a Chinese synthetic breed that was derived from a cross between Western Duroc boars and Chinese Taihu (mainly Erhualian) sows. This breed has experienced directional selection for prolificacy and growth for more than 18 generations. The 434 Sutai pigs used in the current study were offspring of four sires and 55 dams [13] . Erhualian and Laiwu are Chinese indigenous breeds. The former is known for its prolificacy, with a litter size that can exceed 15, and the latter is characterized by its exceptionally high intramuscular fat content (more than 9%) [14] . We obtained 334 Erhualian (168 sires and 166 dams) and 314 Laiwu (218 sires and 98 dams) pigs at the age of ~90 days from two national conservation farms of the two breeds in Jiangsu and Shandong provinces, respectively. The F 2 , Sutai, Erhualian and Laiwu pigs were all raised in an experimental farm in Nanchang, Jiangxi province from 2001 to 2014. All 2004 pigs had ad libitum access to fresh water and consistent feed containing 16% crude protein, 3100 kJ of digestive energy, and 0.78% lysine during the fattening period. Each pig in the four populations was weighed at birth and at 210 and 240 days of age, and the average daily gains from 0 to 210 days of age (ADG 0-210 ) and from 210 to 240 days of age (ADG 210-240 ) were calculated. The F 2 and Sutai pigs were slaughtered in the same commercial abattoir at 240 ± 3 days of age and the Erhualian and Laiwu pigs at 300 ± 3 days of age. After slaughter, all pigs were measured for fatness traits, including backfat thickness at the shoulder (SBF), the first rib (FBF), the last rib (LBF), and at the hip (HBF), and weight of leaf fat (LFW), veil fat (VFW) and abdominal fat (AFW).
Genotyping and quality control
Genomic DNA was extracted from ear or tail tissues using a standard phenol/chloroform protocol, and was then quantified and adjusted to a final concentration of 50 ng/µl. All 2004 pigs were genotyped with the porcine 60 K SNP Beadchip on an iScan System (Illumina, USA) following the manufacturer's protocol. SNPs, including sex-linked SNPs, that had a call rate less than 95%, a minor allele frequency lower than 5%, or that strongly deviated from Hardy-Weinberg equilibrium (P < 0.000001) were discarded. Animals with a call rate less than 95% were also removed from further analyses. These quality controls were performed for each population separately to include as many qualified SNPs as possible for the GWAS in each population. A common set of 15,429 qualified SNPs across the four populations was used in the meta-analysis of GWAS.
Statistical methods
Descriptive statistics of phenotypic traits were calculated by the MEANS procedure of SAS9.0 (SAS Institute Inc., USA) and phenotypic differences between sexes were tested by the TTEST procedure. The MIXED procedure was used to determine the fixed effects and the covariates included in the GWAS model. Sex and fattening batch were included as fixed effects in all GWAS models, and birth weight, body weight at 210 days, and carcass weight were treated as covariates for ADG 0-210 , ADG 210-240 and for fatness traits, respectively, in the GWAS models. A polygenic effect for each animal with covariances based on genomic kinship, which was calculated based on the identity-by-state of the SNPs on autosomes [15, 16] , was included as a random effect to account for the effect of population substructure. The P values of Bonferroni corrected thresholds for suggestive, 5 and 1% genome-wide significant levels were 1, 0.05 and 0.01, respectively, divided by the number of SNPs used in the GWAS. The suggestive level was first proposed by Lander and Kruglyak [17] and represents the threshold where, under the null hypothesis, one false positive is expected per genome scan.
GWAS for a single trait in a single population (SS-GWAS)
The two-stage approach implemented in the R package GenABEL was used to conduct SS-GWAS under an additive model. First, the following mixed model was used to calculate the phenotypic residual vector e * :
where y is a vector of phenotypes; b is the estimator vector of fixed effects, including population mean μ; u is a vector of random polygenic additive effects that follows a normal distribution N 0, Gσ 2 u , with G being the genomic kinship matrix calculated from all autosomal SNPs based on identity-by-state [16] , σ 2 u is the polygenic additive variance, and X and Z are the incidence matrices for b and u , respectively.
Then, a family-based score test was used to detect associations between SNPs and traits using the following simple regression model [18] , one SNP at a time:
where a is an estimator of the SNP allele substitution effect; S is the incidence vector for a (coded 0, 1, 2 based on allele dosage); and e is a vector of residual errors that follows a normal distribution N 0, Iσ 2 e , with I being an identity matrix and σ 2 e the variance of the residual error. The P value of the association test was adjusted by the genomic control method to correct for residual inflation [19, 20] .
GWAS for multiple traits in a single population (MS-GWAS)
MS-GWAS were conducted to detect pleiotropic SNPs using the method proposed by Bolormaa et al. [11] . In brief, a Chi square statistic, which approximately follows a Chi square distribution with the number of traits tested as the number of degrees of freedom, was calculated for each SNP using the following formula:
where t i is a 9 × 1 vector of the signed t-values for the i th SNP from the SS-GWAS for the nine traits, t ′ i is the transpose of t i , and V −1 is the inverse of the 9 × 9 correlation matrix between traits. The correlation between two traits was calculated by correlating the estimated effects (signed t-values) of the 15,429 qualified SNPs for the two traits.
Meta-analysis of GWAS for a single trait (SM-GWAS) and multiple traits (MM-GWAS)
We applied the inverse variance weighting method of [8] , in which each population is weighted according to the inverse of its squared standard error, to perform SM-GWAS and MM-GWAS across the four populations based on the results of SS-GWAS and MS-GWAS, respectively. The weight (w i ) for the ith population was equal to the inverse of the square of the standard error (s i ) of the allele substitution effect in the ith population. Then, the pooled estimates of the allele effect (β) of a given SNP and its standard error (s) were calculated as follows:
where n is the population number; β i is the allele effect in the ith population.
A statistic (Z score) of Z-test was calculated as follows:
An allele of an associated SNP may have a positive effect in some populations and a negative effect in the others. Such an inconsistent effect could significantly reduce the detection power of the meta-analysis of GWAS. To circumvent this, we used information on linkage disequilibrium and ignored information on phase, i.e., the absolute value of β i was used to calculate the pooled β and Z values.
To determine if a SNP that was significantly associated with multiple traits was due to closely linked genes or pleiotropy, we conducted a conditional SS-GWAS by fixing the effect of the top SNPs identified by MS-GWAS in the statistic model.
Linkage and linkage disequilibrium analyses
To determine the approximate genomic positions of the unmapped significant SNPs, a two-point linkage analysis was used to detect linkage between the mapped and unmapped SNPs in the F 2 population [21] . The lower the recombination rate (θ) is, the tighter is the link
between the two SNPs. Haplotypes of the regions that were significantly associated with the target traits were inferred by Simwalk2.9 [22] , and linkage disequilibrium blocks were defined using default parameters of Haploview4.2 [23] . The VennDiagram in R package was used to draw a Venn diagram that showed the loci that were Table 1 Genome-wide significant loci for nine fatness and growth traits identified by four GWAS approaches in this study a We operationally define two loci with the distance between their lead SNPs less than 5 Mb as the same QTL except the loci on chromosome X. All loci close to the recombination cold spot (more than 30 Mb, with an extremely low rate of recombination) in the middle of X chromosome was considered the same QTL because of too few SNPs in this region b Chromosome c Abbreviations of trait names are in Additional file 1: Table S1 d The position of the unmapped SNP (ss131029816) is deduced by its tightly linked SNP (ss131566312) e The direction of SNP effect estimated by the meta-GWAS was not shown because the linkage phase may be inconsistent among the four populations, and the SNP effect cannot be estimated by the multi-trait GWAS f ** 1% genome-wide significant; * 5% genome-wide significant 
Results
Descriptive statistics of the traits
The descriptive statistics for the nine growth and fatness traits in the F 2 and Sutai populations were reported in our previous publications [24, 25] . Additional file 1: Table S1 shows the means and standard errors for these nine traits as well as the phenotypic differences between females and males in the Erhualian and Laiwu populations. Growth rates were not significantly different between sexes in the two populations, except that Erhualian males grew faster (P = 0.03) than females from 210 to 240 days of age. Backfat thickness at the four localizations was significantly higher (P < 10
) in males than in females in the Erhualian population, while no significant difference was observed in the Laiwu population. Males deposited more (P < 0.01) leaf fat, while females stored more (P < 10
) fat in the abdomen in both populations. Veil fat was significantly heavier (P = 6.77 × 10 −6 ) in males than in females in Erhualian pigs, while there was no significant difference in veil fat between sexes in Laiwu pigs.
Phenotypic correlation coefficients between traits
Raw phenotypic correlation coefficients between the measured traits in the two populations are in Additional file 2: Table S2 . All correlation coefficients between the measured traits were significant (P < 0.05) in the Erhualian and Laiwu populations, except that between ADG 0-210 and ADG in the Laiwu population. In general, fatness traits were more significantly correlated with each other than growth traits in both populations. ADG 0-210 had a moderate positive correlation with the other traits and ADG 210-240 showed a weak positive correlation with the other traits.
Qualified SNPs and animals in the GWAS
All genotyped animals passed quality control with SNP call rates higher than 0.95. A total of 34,636 (4825), 36,341 (4979), 24,602 (3492) and 32,058 (4527) mapped (unmapped) SNPs were qualified for GWAS in the F 2 , Sutai, Erhualian and Laiwu populations, respectively. The P values of the 5% (suggestive) genome-wide significant threshold were equal to 1.27 × 10 −6 (2.53 × 10 ) in these four populations, respectively. Based on the pig genome assembly (Sscrofa10.2, http://www.ensembl.org/Sus_scrofa/Info/ Index), the average physical distances between adjacent SNPs were 74.7, 71.2, 105.1 and 80.7 kb in these four populations, respectively. A common set of 15, 429 qualified SNPs across the four populations was used in the GWAS meta-analysis, with average physical distance between adjacent SNPs of 167.7 kb. The P values of the 5% genome-wide and suggestive significant thresholds were equal to 3.24 × 10 −6 and 6.48 × 10
, respectively, in the meta-analysis. Table 1 shows the genome-wide significant regions for the nine fatness and growth traits identified by the four GWAS approaches in this study. The SS-GWAS and SM-GWAS identified 15 and 31 chromosomal regions (loci) associated with these nine traits ( Table 1 ; Fig. 1 [see Additional file 3: Table S3 , Additional file 4: Figure S1 ]), respectively. Four loci were consistently detected by the two methods, one each on SSC1, 2, 7 and X.
SNPs identified by single-trait GWAS
SS-GWAS
In the F 2 population, the most promising locus was mapped at 34.8 Mb on SSC7 (Table 1) . Another genomewide significant locus was identified in the middle of chromosome X. Two suggestive loci were detected, one on SSC1 and one on SSC3 [see Additional file 3: Table  S3 ]. Five and four suggestive loci were identified in the Sutai and Laiwu datasets, respectively. No locus was significant at the genome-wide level in these two datasets. The loci on SSC1, 2 and 8 were detected exclusively for the Sutai population [see Additional file 3: Table S3 , Additional file 4: Figure S1 ]. A genome-wide locus was identified at 34.84 Mb on SSC7 for the Erhualian population. Another three suggestive loci were identified, including two population-specific loci, one each on SSC4 and 6 [see Additional file 3: Table S3 , Additional file 4: Figure S1 ].
SM-GWAS
The SM-GWAS identified 31 loci that were distributed on all chromosomes except SSC11 and 13, including 22 loci that were not identified in the SS-GWAS and four genome-wide loci, one each on SSC2, 4, 7 and X, that were also identified in the SS-GWAS ( Fig. 1 ; Table 2, and Table S3 [see Additional file 3: Table S3] ). These four genome-wide loci were all associated with backfat thickness at the four evaluated sites, and the loci on SSC4 and 7 were also associated with ADG and LFW, respectively.
Loci identified by multi-trait GWAS
MS-GWAS
The MS-GWAS revealed 12 loci associated with both fatness and growth traits, including two loci with genomewide significance ( Fig. 2; Table 1 ; Additional file 3: Table S3 ). Four loci were identified for the F 2 population, including two genome-wide significant loci, one at 34.80 Mb on SSC7 and one at 63.65 Mb on chromosome X. For the Sutai population, three loci were identified, including one genome-wide locus at 78.58 Mb on SSCX. For the Laiwu population, only four suggestive loci were identified. Four loci were detected for the Erhualian population, including one genome-wide locus at 34.84 Mb on SSC7 (Fig. 2) .
MM-GWAS
Nine loci were identified in the MM-GWAS, including three genome-wide significant loci on SSC4, 7 and X (Fig. 2) . All nine loci were identified by the SM-GWAS, except the suggestive locus at 10.53 Mb on SSC5 (Fig. 1) .
Additive effects of top SNPs in the four populations
The additive effects of top SNPs at genome-wide and suggestive significant levels for the four populations are in Table 2 and see Additional file 5: Table S4 , respectively. Table S1 c The significant level is a single point without Bonferroni correction: ** P ≤ 0.01; * P ≤ 0.05 Thirteen SNPs were associated with fatness traits at the genome-wide significant level in the SM-GWAS. Among these 13 SNPs, five had a consistent direction of additive effects across the four populations, while five showed inconsistent effect directions. The other three SNPs just achieved the significance level for one population. We observed a similar pattern for suggestive SNPs: 12 consistent SNPs and nine inconsistent SNPs. This indicates that the linkage phases between these SNPs and the causative mutations that underlie the detected QTL are not always identical across populations.
Results of the conditional GWAS
We identified two loci associated with multiple traits at the genome-wide significant level by the MS-GWAS. One region was located on SSC7 (between 34.80 and 34.84 Mb) for the F 2 and Erhualian populations, and the other mapped to SSCX (between 63.65 and 66.25 Mb) for the F 2 and Sutai populations. After fixing the effects of the top SNPs (detected by the MS-GWAS) in the SS-GWAS model, we found that no SNP on SSC7 showed any association signal with multiple traits for both the F 2 and Erhualian populations (Fig. 3a, b) . No SNP was significantly associated with the nine traits in the region between 60 and 90 Mb on SSCX for the F 2 and Sutai populations, respectively (Fig. 3c, d ).
Discussion
Comparison of our results with previously reported loci
Previously, we had identified 15 significant loci on 11 chromosomes for the traits measured in the F 2 and Sutai populations that were also analysed here [25] . In the current study, we identified nine loci on six chromosomes for the same traits by single-trait and multi-trait GWAS in these two populations. Only four loci (one each on SSC2, 4, 7 and X, see Tables 1, 2) were common between both studies and have also been consistently reported in previous studies [2-4, 6, 24, 25] . The lower power in the current study can be attributed to the fact that residual inflation was not corrected in our previous study, but was corrected by genomic control here. To date, 1880 QTL for growth and 1070 for fatness traits have been reported in the pig QTL database [26] . Although we conducted GWAS on four divergent populations using four approaches, no novel loci were identified in the current study. The four GWAS methods yielded different results with few common results, which is likely due to the fact that each method has its own advantage to identify distinct loci. For example, the multi-trait analysis is suitable for detecting pleiotropic loci, the meta-analysis is sufficiently powerful to identify common loci across populations, and the single-population GWAS is an effective method to detect population-specific loci. 
Unmapped SNPs improve the power of association analyses
As shown in our previous studies [13, 27, 28] , retaining the unmapped SNPs can improve the power of GWAS.
In this study, we identified 18 unmapped SNPs that surpassed the suggestive or genome-wide significant level [see Additional file 4: Figure S1 ]. By applying linkage analysis in the F 2 population, we deduced the approximate genomic locations of 15 unmapped SNPs [see Additional file 6: Table S5 ], and the use of these SNPs improved the power of the current GWAS. For example, we did not identify any mapped SNPs associated with ADG in the Sutai dataset. However, a SNP (ss131031851) that had two locations (65.29 and 65.38 Mb) on SSC10 displayed an association signal with ADG 210-240 [see Additional file 4: Figure S1 , Additional file 6: Table S5 ]. The unmapped SNP ss131029816 is another example. We detected only one mapped SNP on SSC6 that was associated with ADG 210-240 at a suggestive significant level in the SM-GWAS, while the unmapped SNP ss131029816 showed a genome-wide significant association with this trait [see Additional file 4: Figure S1 , Additional file 6: Table S5 ]. In a two-point linkage analysis on the F 2 population, ss131029816 was tightly linked (θ = 0.0022) to ss131566312 at 71.6 Mb on SSC6. Therefore, a genomewide significant locus for ADG was identified at around 71.6 Mb on SSC6.
Single-population GWAS versus meta-analysis
The SS-GWAS showed that four loci were common to two populations (Fig. 1a) . Two loci, one at the proximal end of SSC2 and one in the middle of SSCX, were shared between the F 2 and Sutai populations (Table 1 and Table  S3 [see Additional file 3: Table S3 ]). The locus around 34.80 Mb on SSC7 was associated with fatness traits in both the F 2 and Erhualian datasets (Table 1) . This locus may be segregating in the population of Laiwu pigs since we observed a weak signal around it ( Fig. 1 ; see Additional file 4: Figure S1 ). Another locus in the middle of SSC12 was found to be shared between the Erhualian and Laiwu populations. The segregation of these common loci in multiple populations should allow us to efficiently fine map these loci by using higher-density chips, such as the 600 K SNP chip, since inter-population linkage disequilibrium usually extends over short distances (r 2 0.3 = 10.5 kb) in Chinese pigs [29] . We noted that there were no common loci across three or four populations in the SS-GWAS. However, the SM-GWAS identified 31 significant loci that were putative common loci across these four populations (Fig. 1b) . One explanation for the discrepancy between the two GWAS methods is that the detection power of SS-GWAS is lower than that of SM-GWAS because of the small sizes of individual populations, which prevents the detection of these putative common loci. Another possibility is that some informative SNPs in the SS-GWAS were deleted during the filtering process in the SM-GWAS. Of the 31 loci, 13 surpassed the genome-wide significant level. It is interesting that all 13 SNPs had 'single point significant' effects in the F 2 population, while only some of these SNPs showed such effects in the other three populations (Table 2 ). This is most likely due to the fact that the F 2 population has the largest population size and thus had greater impact on the results of the meta-analysis.
It is known that meta-analysis of GWAS can improve the detection power when two or more populations show consistent association signals with target traits. For example, we detected a suggestive locus for FBF at 65.72 Mb on SSC4 in the Erhualian population [see Additional file 3: Table S3 ], while this region had only a weak (non significant) association signal with FBF in the other three populations (Fig. 4) . By performing a meta-analysis across the four populations, we observed an association signal at the 1% genome-wide significant level in this region ( Fig. 4 ; Table 1 ). However, population-specific loci could not be detected by the meta-analysis. For instance, we identified an F 2 -specific locus for ADG 210-240 at 53.06 Mb on SSC3. This locus was not detected by the meta-analysis.
Single-trait GWAS versus multi-trait GWAS
If a locus has pleiotropic effects on multiple traits, the multi-trait method can be used to enhance the power of GWAS. For example, the SS-GWAS identified 15 loci in this study, more than half of which were also identified by the MS-GWAS (Fig. 1b) . In the SS-GWAS, the minimum P values at the locus on SSC7 for the F 2 and Erhualian populations were 1.75E−18 and 6.96E−14, respectively; whereas these two values decreased to 3.97E−33 and 1.29E−15 in the MS-GWAS, respectively. In contrast, if a locus has no pleiotropic effects, the MS-GWAS can decrease the signal. For instance, the suggestive locus at 303.92 Mb on SSC1 for ADG 0-210 in the F 2 population was identified by the SS-GWAS but not by the MS-GWAS. Furthermore, it has been reported that multi-trait GWAS can map the locus more accurately than the single-trait method when the marker density is high [11] . It should be noted that the extent of linkage disequilibrium is usually large in F 2 populations, for which a multi-trait GWAS based on medium-density SNP chips, such as 60 K SNPs, is expected to have high detection power.
Linkage versus pleiotropy
By applying multi-trait GWAS, we detected three prominent loci on SSC4, 7 and X (Fig. 2) , respectively. The detection of these loci could be caused by pleiotropy or closely-linked causal QTL. The SSC7 locus detected for the F 2 and Erhualian populations, as well as the SSCX locus for the Sutai pigs (Fig. 2) , are most likely loci with pleiotropic effects, since we found no SNP that showed an association signal with the nine traits when the top SNPs were fixed in the MS-GWAS model (Fig. 3a, b, d ). After correction for the effect of the top SNP on SSCX, several SNPs were still associated with the traits tested in F 2 pigs (Fig. 3c) . This implies that the locus on SSCX could be caused by closely-linked causal variants in F 2 pigs.
Conclusions
In this study, we explored four GWAS approaches to identify genomic loci for nine growth and fatness traits in four pig populations. Compared to the single-trait analysis, the meta-analysis had less power to identify population-specific loci but more power to detect population-shared loci. Compared to the single-trait analysis, the multiple-trait analysis reduced the power to detect trait-specific loci but enhanced the power to identify the common loci across traits. Our findings demonstrate that the meta-analysis and the multi-trait method can be used to increase the power of GWAS.
